In topography detection procedures for diamond wire, precision motion control is one of the key preconditions; the motion control unit of detection needs both micron resolutions and centimeter strokes. In this paper, a linear motor with four sets of multilayer piezoelectric actuators was developed to achieve an actuator with high resolution and a large stroke. The stroke depended on the guideways of the system, which mar enlarged the stroke of a single multilayer piezoelectric actuator. The mechanism of differential actuation was analyzed by dividing an operation cycle into several states. A symmetrically arranged four-foot design was proposed, and a corresponding excitation method was devised. A prototype was fabricated to conduct a proof-of-concept operation test. Experimental results validated the feasibility of the prototype with a 10 mm stroke. The speed of the prototype increased when the amplitudes of driving voltage signals increased from 30 V to 100 V. Within the frequency range of 1 Hz to 120 Hz, the speed increased initially then decreased with driving frequency, the maximum of which was at 100 Hz. With an excitation voltage signal of 100 V and 100 Hz, the speed reached a maximum of 740 µm/s. With an excitation voltage signal of 30 V and 120 Hz, the resolution of the prototype reached 0.26 µm. The prototype satisfies precision motion control of topography detection for diamond wire. This work also provides an option for automatic systems that require high resolutions and large strokes.
I. INTRODUCTION
As an essential process in the preparation of substrate pieces for the semiconductor industry, sawing plays an important role and consumes massive amounts of diamond wire [1] , [2] . To improve the precision and efficiency of sawing, there is a need for the clear detection of the topography of diamond wire. However, as the diamond wire is very slim and soft, it is difficult to conduct detection with a contact procedure. Noncontact detection, like imaging methods and other optical methods, are popular solutions [3] , [4] . In these noncontact detection procedures, precision motion control is one of the key premises. Since the size of the diamond grain is on the order of microns and the diameter of the diamond wire for detection is on the order of millimeters, the motion control The associate editor coordinating the review of this manuscript and approving it for publication was Hassen Ouakad . unit of the detection instrument needs both micron resolution and centimeter strokes.
To date, to obtain large strokes and high resolution in one positioning system, the serial combination of a macro-and micropositioning stage has been adopted to solve the contradiction between large strokes and high resolution, whose large stroke positioning stage is driven by an electromagnetic stepper motor and ball screw system, and whose micropositioning system is driven by a piezoelectric ceramic stack and a flexible hinge system [5] . The structure of this system is too large and complex. With the development of functional materials, piezoelectric motors adopt the inverse piezoelectric effect of piezoelectric ceramics to excite deformation of an elastic body, whose micron vibration is accumulated into macro movement of a runner through friction coupling [6] . Linear piezoelectric motors(LPMs) have been investigated for several decades because they have many benefits, such as compact structure [7] , fast response, high precision [8] and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ magneto-electrical compatibility [9] . With the rapid development of LPM technology, LPMs keep evolving. According to the vibration state of the elastic body of the piezoelectric motor, there are resonance types [10] and nonresonance types [11] . The resonance type can be further classified into traveling wave piezoelectric motors [12] and standing wave piezoelectric motors [13] by the wave type generated in the elastic body. The resonance type LPMs features high speed and quick response. By adopting proper electrical driving, it is possible to realize high resolution stepping motion [14] and low-speed motion [15] . In the catalog of nonresonance piezoelectric motors, there are further classifications of inchworm types and inertial types. The inchworm LPMs are capable of long strokes and fine resolutions since their motions are accumulated by deformations of at least three piezoelectric elements, one of which outputs linear motion while the rest alternatively clamp a runner [16] . The inertial LPMs feature simple construction, both in mechanical parts and electrical parts, which makes this type easy to miniaturize [17] , [18] . Since innovative LPM inventions emerge continuously, new constructions with features of more than one of those aforementioned types were proposed [19] , [20] , which provide more options for industrial applications.
In all the above LPMs, the self-lock on the power-off is important merit, since there is no need for an additional mechanism and no power consumption. However, for LPMs to operate in the resonance state, the preload between the stator and runner affects the vibration of the stator, which varies the characteristics of the motor greatly [21] . For inchworm type LPMs, the variation in the preload may induce unwanted deformation of the motor because of their rather complex structures [22] . For the inertial type, the preload affects its speed, resolution and thrust simultaneously. For industrial applications, the feature that the characteristics of LPMs are decoupled is important, which will simplify the control system.
In this work, a means of accumulating large deformations of multilayer piezoelectric ceramics was proposed based on the differential motion of four mechanically stressed multilayer piezoelectric ceramics. A linear motor with four sets of multilayer piezoelectric actuators was developed to achieve an actuator with high resolution and a large stroke. In addition, the preload of this LPM theoretically only affects its thrust. The structure and operation principle of the motor and the design of the key components are introduced in detail. Principle verification and an output characteristic test were conducted through an experimental study of the prototype.
II. STRUCTURE AND OPERATION MECHANISM
A. STRUCTURE Figure 1 shows the construction of the large-stroke, four-foot, differential-motion stepping linear motor. The motor consists of four driving feet, a mover, and a preloading mechanism. The four driving feet are symmetrically arranged around the mover. The mover moves bi-directionally and is constrained by guiders.
Each driving foot comprises a multilayer piezoelectric ceramic, a flexible adapter that prevents tangential force at both ends, a displacement conversion mechanism, and a wear-resistant ball for transmitting friction forces. The wear-resistant balls are fixed to four driving feet and arranged symmetrically on both sides of the slider. A cone-shaped hole is set to place the wear-resistant ball, which is glued to metal part by epoxy glue. The total dimension of each driving foot is 52 mm long. The mover is a slider guided by two linear rails. It is pushed to move along the guiding rails by friction forces provided by the four driving feet. The preloading mechanism ensures tight contact between the four feet and both sides of the mover and is composed of a fixed connecting rack, a baffle, and a plate spring moving along the connecting rack. A preloaded screw is used to adjust the deformation of the plate spring.
B. WORKING PRINCIPLE
Owing to the converse piezoelectric effect, a multilayer piezoelectric actuator axially elongates when the amplitude of applied voltage increases and retracts when the voltage decreases. Therefore, the movements of the four driving feet can be controlled by applying four time-varying voltage signals. When the four movements of the driving feet are in the same direction, the mover is pulled to move by friction forces. When the four driving feet are activated separately, the slider remains stationary because the dynamic friction force generated is less than the static force provided by the other three.
When excited by the excitation signal, the four-foot differential stepping linear motor begins to output a unidirectional movement, as shown in Figure 2 . The operation process is shown in Figure 3 . To illustrate the operation principle concisely in the figure, four rectangular boxes (A-D) are used to represent the four driving feet, and a long rectangular box is utilized to denote the mover.
The driving procedure in one cycle can be divided into five stages according to the different movement combinations of the four diving feet. In the original state, all voltage signals are zero, and the four feet are in their original length. The mover is held by the four driving feet and kept stationary. In stage 1 (0-T/5), driving foot A elongates with increasing voltage, whereas the three other feet are motionless. The friction generated by this elongating foot is less than the sum of the other three. As a result, the slider remains stationary. The same procedures are repeated in stage 2 (T/5-2T/5), stage 4 (3T/5-4T/5), and the final stage (4T/5-T) with the individual elongation of driving feet B, C, and D, respectively. In-stage 3(2T/5-3T/5), the exciting voltages of feet A and B decrease simultaneously, whereas the exciting voltages of feet C and D increase. The varying voltages lead to the retraction of feet A and B and elongation of feet C and D. In this case, the mover moves a step, S, in the same direction as the four feet. By repeating the procedure, the slider moves step by step continuously. The motion direction of the mover is reversed by exchanging signals A, B, and signals C, D. Based on the description of the operation process, two different types of friction forces are applied to the slider. These two types of friction forces between the mover surface and driving feet can be formulated as follows:
where F sm is the maximum static friction force; F d is dynamic friction force; F N is the normal force on the contact surface; and µ s and µ d are the static and dynamic friction coefficients, respectively. The maximum static friction force is larger than the dynamic friction force because the static friction coefficient is usually larger than the dynamic friction coefficient. Given the presence of the four driving feet, the blocking force generated by the four feet holding the slider at power off is four times the maximum static friction force F sm . The forces applied to the slider when the four feet are alternatively activated are illustrated in Figure 4 . Given that the driving frequency is low, the operation process of the motor can be regarded as quasi-static, and the inertia motion of the mover is disregarded.
As shown in Figure 4 , when only one driving foot is activated, the forces applied to slider can be formulated by the equilibrium equation as follows:
where F L isthe loading force applied to the slider and F s is the static friction force applied by the three other driving feet. The moment the activated foot starts to move, the load capacity of the motor reaches the minimum because the friction force generated by the activated foot is at the maximum and in the opposite direction of the motion direction. Therefore, the load capacitance of the motor is less than two times the static friction force generated by a single foot.
According to the analysis of the operation cycle, the displacement of the slider, S, is equal to the elongation of each driving unit, assuming that four driving units have the same elongation and that no sliding occurs between contacting surfaces when the four feet simultaneously push the slider. The speed of the motor can be formulated as follows:
where f is the driving frequency of the motor. When the loading force is in the opposite direction of the motion direction of the slider, the efficiency of the motor can be formulated as follows:
According to (5) , the efficiency of this motor increases with load and reaches the maximum when the following condition is satisfied:
The efficiency of this motor is less than 1/3 because F d is less than F sm .
III. STRUCTURE DESIGN A. DRIVING FOOT
The four driving feet are the primary parts of the differential motion linear motor. Each foot is composed of two omnidirectional flexural hinges, one contacting tip, and one preloaded multilayer piezoelectric ceramic, as shown in Figure 5 . The multilayer piezoelectric ceramic is made of six parallel laminated piezoelectric ceramic plates, the capacitance of each laminated piezoelectric ceramic plate is 0.234 µf. The total capacitance is 1.40 µf.
The two omnidirectional flexural hinges are fixed to the two ends of the preloaded multilayer piezoelectric ceramic via a screw connection. The contacting tip is formed by an oxide aluminum ball glued to a linker, which is connected to an omnidirectional flexural hinge by a screw.
The presence of two omnidirectional flexural hinges makes the driving foot easy to be bent, such that the contacting force between the contacting tip and the mover is mainly determined by the preloading mechanism. The ball-shaped contacting tip is adopted to ensure that the four contacting tips are in the same contact condition. A preloaded multilayer piezoelectric ceramic is formed by two springs, two connecting blocks, a multilayer piezoelectric ceramic, and a pair of wedges. The springs are formed by six rings, whose outer circles are tangent to each other. The two connecting blocks are linked to the springs with pins. A threaded hole is installed on each connecting block for convenience of connection. The multilayer piezoelectric ceramic and a pair of wedges are placed between two blocks. When two wedges are pushed together, the springs are stretched, and their recovering forces are applied onto the multilayer piezoelectric ceramic.
Preloading the multilayer piezoelectric ceramic is performed for two reasons. First, the performance of the multilayer piezoelectric ceramic is good under pressure, and the optimized value is 15 MPa according to technical data provided by its manufacturer. Second, recovering force is needed for each driving foot while its exciting voltage drops. The multilayer piezoelectric ceramic cannot undertake to pull force, but the preloaded mechanism can help the driving foot recover back to its original state. For these reasons, a finite element model was built to optimize the dimensions of the spring, as shown in Figure 6 (a). In the static finite element analysis model, the boundary condition is set as follows.
Since the spring is composed of five ring elements, the model was built symmetrically. Section a is fixed in the x-direction. Section b is fixed in the y-direction. Section c is applied with 2 µm displacement in the x-direction. In the dynamic model, the lower end is fixed, and the upper end is free. Each driving foot periodically elongates and shortens. Thus, the operation frequency should be less than the resonance frequency to ensure the phase difference of the four vibrating feet. The resonance frequency of the preloaded multilayer piezoelectric ceramic can be obtained by setting up the finite element model of the preloading mechanism and performing a modal analysis, as shown in Figure 6 (b). The calculation results show that the frequency of the longitudinal vibration mode, which is to be excited, is 3.6 kHz.
The static force of the spring was analyzed, and a finite element model was built to optimize the dimensions of the spring. The finite element model of the preloading mechanism was built and a modal analysis was performed to determine the natural frequency of the structure.
B. PRELOADING MECHANISM
A preloading mechanism provides normal contact force between the contacting tip and the mover. Four contacting tips should be applied to the same preload. A symmetric mechanism was proposed to achieve this goal. As shown in the principle illustration in Figure 7 (a), the mechanism is composed of two levels and a spring. The two levels are connected by a spring in their middle, and their two ends push the four driving feet. The spring is stretched, such that its recovering force is equally applied to the two levels. Moreover, each driving foot has the same force applied by the level ends. Therefore F 1 , F 2 , F 3 , and F 4 are equal to half of F in Figure 7 (a). Figure 7 (b) shows the structure of the preloading mechanism. The preloading mechanism is composed of a baffle fixed on a connecting rack and a plate spring that can move with the baffle along the connecting rack. A preloaded screw is used to adjust the preloading force by applying deformation.
According to the requirements of differential action, the four driving feet need to touch the slider with the same contacting force. The two driving feet on one side bear load from the mover and the baffle. The two feet on the other side are pushed by the mover and the plate with a spring. The plate with a spring is parallel to the baffle. The deformation of the spring is adjusted by the preloading screw to tune the preloading forces. This mechanism ensures that the four feet bear the same contact force. Figure 8 shows a photo of a prototype. The experimental system of the prototype consists of a laser displacement sensor manufactured by Keyence Co., Ltd, two dual-channel signal generators manufactured by Zhengzhou MingHe Electronic Technology Co., Ltd, an oscilloscope manufactured by Agilent Technologies Inc, a power supply with four-channel amplifiers manufactured by Core Tomorrow Science & Technology Co., Ltd, and a computer. The corresponding voltage amplitude, signal waveform, and phase position to the action sequence of the four feet are generated by two MHS-2300 dual-channel DDS signal generators. The signals are transferred to the power supply and amplified before being applied to the four feet. The displacement and speed of the slider are measured by a laser displacement sensor, and the data are transferred to the computer. The oscilloscope is used to detect the signal waveform and action sequence. The experimental setup is shown in Figure 9 .
IV. RESULTS AND DISCUSSION
In accordance with the voltage driving signals shown in Figure 2 , four voltage signals with a peak-to-peak amplitude of 30 V (Vp-p for short) and a frequency of 1 Hz were applied to the four preloaded piezoelectric elements, and a stable step motion of the slider was achieved. Figure 10 shows that the displacement of the slider varied with time, and the motion steps were obvious. However, there were oscillations and rollbacks because the contact surface was not an ideal plane, and the driving feet skidded. The driving frequency was low enough to simulate the quasi-static state of the principle discussed in Section 2. Thus, the differential driving principle was verified by this experimental result.
A. FREQUENCY-STEP LENGTH/SPEED RELATIONSHIP
The step length and speed of the slider were measured in 40 and 50 V with frequency ranging from 1 Hz to 120 Hz. Figure 11 shows that the displacement changed with frequency, and Figure 12 indicates that the speed also changed with frequency. We conclude from Figure 12 that when the frequency increased, the corresponding speed and step length of 40 and 50 V voltage increased initially then decreased. The step length reached the maximum at around 70 Hz, and the speed reached the maximum at around 100 Hz. At the same frequency, the displacement and speed at 50 V were larger than those at 40 V. Several reasons caused this phenomenon. First, the output power of the piezoelectric ceramic drive power is constant. When the output voltage is constant, a large frequency means that high power is consumed by the motor. However, the total consumed power would not be greater than the power of the drive power. With the increment in driving frequency, the amplitude of driving voltages decreases due to the power limit. Hence, the displacement increases initially then decreases. In addition, the response time of multilayer piezoelectric ceramics is limited. The greater the frequency is, the shorter time the piezoelectric ceramic elongates. Therefore, it cannot increase to the highest voltage before it starts the next instruction, leading to a displacement reduction.
There are several reasons for this phenomenon. Firstly, the output power of the piezoelectric ceramic drive power is constant. When the output voltage is constant, the larger the frequency is, the higher the power consumed by the motor. But the total consumed power will not be higher than the power of the drive power. With the increment of the driving frequency, the amplitude of driving voltages decreases due to power limit. That is why the displacement increases first and decreases later. In addition, the response time of multilayer piezoelectric ceramics is limited. The greater the frequency is, the shorter time the piezoelectric ceramic elongates. Therefore it cannot increase to the highest voltage before it starts the next instruction, leading to a displacement reduction.
B. VOLTAGE-SPEED RELATIONSHIP
The experimental results show that the prototype operates stably when the drive voltage of the motor ranges from 30 V to 100 V. Figure 13 shows the displacement and speed from 30 V to 100 V at 100 Hz. The speed increased with voltage. The speed linearly increased before 80 V then slowed down due to the power limit of the power supply. In this process, the motor power was less than the output power of the power supply before 80 V. The motor power reached the saturation of the power supply after 80 V, leading to a small increase in speed. With excitation voltage of amplitude 100 V and frequency 100 Hz, the motor moved the fastest and reached 740 µm/s under 100 Hz and 100 V of excitation. When the voltage was 30 V and the frequency was 120 Hz, the step resolution was 0.26 µm.
C. LOAD CHARACTERISTIC
From the experimental results, we conclude that under 100 V and 100 Hz excitation, the motor produced a stable linear motion at the fastest speed. At these conditions, a horizontal bearing capacity experiment was performed by applying weight to the slider. The experimental result is shown in Figure 14 . The maximum horizontal bearing capacity of the slider was approximately 25 N.
The speed-to-force diagram proves that the speed of the slider gradually decreased with the increase in external loads.
D. DISCUSSION
In accordance with the experimental results, the amplitude range of the driving voltage was set from 30 V to 100 V. This range was selected for two reasons. First, the safe voltage for piezoelectric ceramics is between 0 and 120 V. Second, when the value is lower than 30 V, the step motion of the motor became unstable. This condition might be due to the roughness of the contact surface and the unequal output of the four driving feet when their displacements are small.
Both saturation states are available while the driving voltage and frequency increase to a certain limit because the amplifiers for four control signals reach the maximum power output. In this situation, the driving voltage signals do not linearly increase with the amplitudes of the control signals.
The output of the proposed motor has the performance of a linear system. However, the experimental results are not in agreement with this statement. Aside from the nonlinearity caused by the limitation of the amplifier, another factor caused this phenomenon. When the relative speed between the driving feet and mover is high enough, slide friction occurs between them. This fact is ignored when the slide is neglected during the moving process of the mover.
The preload force between the driving foot and the runner was 20 N. With a preload force of 20 N, the maximum output force was 25 N. Because both materials of the contact pair are Al 2 O 3 ceramics, the friction coefficient between the driving foot and the contact surface of the slide is very small. As a result, the change of output force is not obvious with the increment of the preload force.
The slide between contact surfaces and power limitations are two facts that lead to the nonlinearity of motor performance. Two aspects must be investigated in future research. One of these aspects is how to prevent the occurrence of the slide between contact surfaces or increase the limitation boundary of driving signals. The other aspect is to build a dynamic model of this motor considering the influence of slide.
The structure of the four driving feet may be inconsistent due to the roughness of the contact surface and the unequal output of the four driving feet. Because of the good repeatability of the piezoelectric ceramics, the four driving feet are controlled by independent channels. Therefore, the influence of the contraction amount of the driving feet can be studied by studying the output characteristics of one foot, and the same contraction amount of the four driving feet can be achieved by changing the voltage.
V. CONCLUSION
A four-foot, differential-motion linear motor for topography detector was developed. The developed motor has advantages, such as smooth operation and excellent positioning capacity. The structure design and control mode of the prototype were examined. The testing results verified the principle of differential actuation. The efficiency limitation of the investigated actuator was deduced by formulating its operating procedure.
Through an experimental study, the differential stepping drive principle was verified and can be used for large-stroke stepping linear piezoelectric motors. When the stable working voltage ranged from 30 V to 100 V, the step length and speed increased with voltage. When the stable working frequency ranged from 1 Hz to 120 Hz, the step length and speed also increased with frequency. The speed of the slider gradually decreased with an increase in external loads. Under 100 V and 100 Hz excitation, the speed of the motor reached a maximum of 740 µm/s. The minimum step of the motor was 0.26 µm under 30 V and 120 Hz excitation.
The linear motor will help to achieve clear detection of the topography of diamond wire. Future research works will include the effect of preload force and contact material on force output to improve the motor bearing capacity. 
